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lon—Molecule Chemistry of BF; in Clusters: Mass Spectrometric and ab Initio
Computational Study of ByFzn—17"
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Boron trifluoride clusters are formed in a supersonic expansion and ionized by electron impact. The resulting
ion distribution is analyzed by time-of-flight mass spectrometry. The only consistently observed, extended
series of peaks in El of Bfclusters is BFs,—17. Ab initio modeling of these ions informs our speculation
regarding their internal structure and iemolecule chemistry involved in their formation. Formation of
B.F°* is computationally predicted to occur in all of the cluster ions we obsearve 2—8) except BFg™.

BF~ units are evident in the predicted structure gFg".

1. Introduction cluster in the ionization process. Therefore, the observed mass

distribution is the result of reactions in and fragmentation of

inorganic chemistry community for many years. The three- the clusters. Relative ste.\b.illities.of .the.product cluster ions are
) reflected, rather than the initial distribution of neutral clustérs.

o s st e s oo TS Mmakes mass spectrometry an efeciive probe of fon
Y molecule chemistry within ionized clusters.

While not as extensively studied as the boranes, compounds of "
boron and fluorine also have received some attention. Boron
trifluoride, the simplest isolable boron fluoride, is a useful Lewis
acid. Diboron tetrafluoride (B) is a theoretically interesting 2.1. Mass Spectrometer. The locally constructed, two-
moleculé which has also attracted significant experimental chamber time-of-flight mass spectrometer is depicted in Figure
attention? Some higher boron fluorides are known, though they 1. The instrument employs a WileyMcLaren ion acceleration
have received limited attention in both thebayd experimertt:” schemé with pulsed voltages. The highest voltage electrode
Boron trifluoride is of wide utility in the semiconductor is a plate, and the focusing voltage and ground electrodes have
manufacturing field. The majority of applications involve centers of 90% transmission nickel mesh. The electrodes are
plasma processing of surfaces, largely p-type doping 6PSi. 5.08 cm square with 1.27 cm spacing and 3.18 cm diameter
The ability of BR; to etch Si and Si@has also been investigated circular mesh areas for ion transmission. The high-voltage
under plasma conditiorfs'® The mixture of ionic and neutral ~ pulser (HV1000, Directed Energy Inc., Fort Collins, CO; 900

Boron and its compounds have proven interesting to the

2. Experimental Technique

species in a plasma environment ensures thatinalecule V) provides an acceleration voltage rise time of 18 ns—<10
encounters will take place and raises the plausible picture of 90%) measured at the acceleration electrodes. The pulser output
ion—molecule chemistry in the plasma. is connected directly to the high-voltage electrode and to the

Even so, the iormolecule chemistry of Bfhas received second electrode through a simple voltage divider for space
scant attention. A large body of work exists on electron impact focusing. The acceleration pulse is typically ofi$ duration.
ionization and photoionization of BF but these works are The ions have a velocity component perpendicular to the
concerned with the ionization and fragmentation of isolategl BF direction of acceleration because of the supersonic expansion
moleculesi~13 Cationic boron fluorides containing more than in which the neutral clusters are formed. To compensate, a
one boron atom are rare in the literature, appearing only in masscoarse deflector is positioned immediately following the ac-
spectrometric studies of ;B4,1314 B3Fs,* BgF12,° and some celeration region. The ions pass through an einzel lens and a
heavier but incompletely characterized compoulidahere pair of fine control deflectors between 15.5 and 25.9 cm
parent ionization potentials and fragment appearance potentialsdownstream from the acceleration region, and 58.2 cm after
were measured, and fragmentation patterns were used to disceracceleration the ions enter the gridless reflectron (14 cm deep,
parent molecular structure. 3.2 cm inner diameter, 22 rings plus rear plate). The reflectron

In this work we examine some iermolecule chemistry of ~ axis is set at an angle of 2.%o the incident ion beam axis, so
boron trifluoride by electron impact ionization of molecular the ions are reflected af %o their initial path.
clusters. Upon ionization of a molecular cluster, the nascent After exiting the reflectron, the ions travel 23.0 cm to a dual
ion is in contact with neighboring neutral molecules in the microchannel plate detector with a 2.5 cm diameter active area.
cluster. lor-molecule reactions are obviously possible in this The detector is completely encased in stainless steel wire cloth
situation and have been observed in many chemical systemsexcept for the ion path, which is a 3.2 cm diameter “window”
with both electron impact ionizatiéh1” and photoionizatioA® of 90% transmission Ni mesh. The shielding both reduces
When electron impact is employed with above-threshold electron electromagnetic pickup of the acceleration voltage pulse by the
energy, “evaporation” of neutrals from the clusters can be signal-carrying circuitry and prevents the detector voltag? (
expected to take place due to excess energy deposited in th&V) from deflecting the ions when they pass the detector
assembly on their way to the reflectron. The detector is
* Corresponding author. Electronic mail: halesda@hendrix.edu. appropriately angled so that the ion incidence is normal to the
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Figure 1. Time-of-flight mass spectrometer, top view. The electron
beam for ionization is directed into the page and intersects with the
cluster beam between the two leftmost acceleration electrodes: PV
pulsed valve with conical nozzle; Ae acceleration electrodes; Bf
deflectors; EL= einzel lens; Rf= reflectron; Dt= detector. Internal
supports are omitted for clarity.

detector surface. The signal from the microchannel plates is
first amplified (Comlinear CLC501) and then collected and
averaged for 1000 sweeps with a digital summing oscilloscope
(LeCroy 9310a, 400 MHz bandwidth, 100 MHz sampling rate).
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The averaged signal is transferred to a PC-compatible computer

for analysis. The pulsed valve support system, detector mount,
electron gun (see below), and all ion optics are constructed from
commercially available components (eV parts, Kimball Physics
Inc., Wilton Hill, NH). Each cycle of the experiment is initiated
by a commercial pulsed valve driver (General Valve lota One),
and all subsequent timing is controlled with a Stanford Research
Systems DG535 digital delay generator.

2.2. Electron Impact lon Source. The electron gun used
in this ion source is simple in design. The filament is enclosed
in a cup-shaped repeller electrode, and the remaining face of
the enclosure is an extractor electrode. Following the extractor
are a focusing electrode and an exit orifice. The extractor and
focusing electrode voltages are optimized with an eye toward
both magnitude and resolution of the ion signal, while the
repeller is fixed at an appropriate negative voltage and the exit
is tied to the high-voltage ion acceleration electrode (grounded
until the ion acceleration pulse). Clusters of Bdfe formed
by allowing a mixture of 5 mol %4'BF; in helium (Voltaix,
North Branch, NJ) to expand into vacuum from a variable
stagnation pressure of-I7 bar. The expansion takes place
through a pulsed molecular beam valve (General Valve series
9, 1.1 mm orifice) to which is attached a 1.27 cm long; 30
included angle, diverging conical nozzle. After a delay that
allows the neutral clusters to drift to the acceleration region of

Mass (amu)

Figure 2. TOF mass spectrum of BFlusters using 100 eV electron
impact ionization and 6 bar stagnation pressure of'%&3 in He.
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the mass spectrometer, the electron beam is pulsed on by L _
dropping the extractor electrode of the electron focusing optics Figure 3. Dependence of -1 signal on BR/He stagnation

from the repeller voltage to an appropriate focusing voltag
The electron beam pulse typically lasts2us. The trigger
for the ion acceleration voltage pulse is simultaneous with the
end of the electron beam pulse.

e.

3. Experimental Results

Electron impact ionization (100 eV) mass spectra of; BF
clusters show the formation of several species, but one serie
of peaks dominates all others (Figure 2). This series of peaks
is BnFan—-1", which we have observed fan = 1—8. The
strongest member of the series, which is also the strongest pea
in all our El mass spectra, is BF at mle = 49. In these
experiments, this species may be formed not only by EI of
unclustered BEmolecules but also by EI of clusters followed
by evaporation of neutral molecules until only BFremains.
The larger members of this series £ 2) gradually decrease
in intensity as increases until the signal is too small to detect.
There do not appear to be any “magic numbers” in this series
to indicate special stability for certain structures.

{

pressure.

Some of the other peaks observed in the El spectra are easily
identified as the normal products of electron impact ory,BF
e.g., BR*, BFf, Bt, and F. Close study reveals small peaks
atm/e = 15 and 24.5, which are presumably BFand BR2*.
These doubly charged species are most likely formed from single

Smolecules (not clusters) of BF Any small doubly charged

clusters that are formed in the EI process could be expected to
ragment rapidly into two singly charged fragments (a “coulomb
explosion”)1921 A peak is also seen at/e = 85, which is
most likely BRROH* formed from BR-H,O. Its presence is
greatly reduced, but not eliminated, by inlet line bake-out and
cryotrapping at=77 °C.

Figure 3 shows that, as expected, the intensity of larger
clusters increases as the stagnation pressure of the gas mixture
is increased? The trends in Figure 3 indicate that still higher
stagnation pressure would quite likely result in the formation
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of even larger cluster ions, but at the present time our regulator F\ Ft
limits us to 7 bar. Fucg-Fougofu R F o Fu Ba Fu
Variation of the electron energy results in no marked changes & L IB—F—BQF \Bo-FB/ “Fp-BS
in the ion distribution. The ion signal simply decreases in a d d F FJ Fy
gradual fashion as the electron energy is decreased from 10C
eV. It appears that the energy resolution available with our a b c
electron gun is insufficient to allow appearance potential E
measurements. The cause of the electron energy spread ha Fia g Fi \ F F
; Bg B—F N7
not yet been determined. Though we are not able to measure I h B
the appearance potentials for these cluster ions, we can speculat Fb\ Fu F
about the values. The ionization energy of a molecule in a \Bi' { F ; l-;
cluster is lower than the ionization energy of the isolated quB.,Fg ~Fd FF‘ F—BmF FeB.p-B=F
molecule due to solvation of the i&A. It is therefore likely FeN “BF ¢ E
that the appearance potenti_als fofFB—1" are all below 15.81 u Fb F }3’_F \ /
eV, the appearance potential for BFrom BF;.2* Blo FV‘B____F/ Fo B‘F P BﬁF
FJ-/ \Fk Fl F F
4. Computational Modeling
d e f

Our understanding of_the Ban—1" serie_s is informed by Figure 4. Schematic structures of,Bs_17, n = 2—5: (a) BFs*, HF
simple molecular modeling. All calculations are performed g 31Gx () BFs*, HF 3-21G(*); (c) BFs', HF 6-31G* and 3-21G-
using MacSpartan Plus (Wavefunction, Inc., Irvine, CA). (%) (d) B4Fir, HF 6-31G* and 3-21G(*); () BFut, HF 6-31G*; (f)
Geometries of clusters with= 2—5 are optimized by ab initio BsFi4t, HF 3-21G(*). Subscripts are atomic labels referred to in the
Hartree-Fock calculations with both 3-21G(*) and 6-31G* basis text and Tables 1 and 2. Dashed lines indicate weaker interactions
sets. Similar computational studies of larger structures in the Petween covalently bound fragments.
series are also of significant interest, but optimization of these
species with the 6-31G* basis set requires more powerful
computational hardware than is presently available in our
laboratory. Therefore, the = 6—8 cluster ions are optimized
at only the 3-21G(*) level.

The geometry optimizations begin with asymmetric structures
and are carried out without symmetry constraints. Stepwise
optimization of a structure by beginning with a low-level
method, then using the result as the starting point for a higher
level method, will generally result in significant time savings
compared to optimization at a high computational level directly
from the initial structure. With these \Bs,—1" clusters, a ) — +y +
problem arises. Optimization at the semiempirical PM3 level Ao BoFan-1) = BiolBoFans ) ~ [BlBF, 1) +
frequently results in symmetric structures, and this symmetry (n— DE(BFy)] + AfH(BF2+) + (n— DAH(BF,) (1)
is maintained when the PM3 structure is then used as the starting )
point for an ab initio [HF 3-21G(*) or 6-31G*] optimization. The calculated total energy of\Bs,—1+ is compared to_the
When vibrational frequencies are calculated for the optimized calculated total energy of [BF + (n — 1)BF] to determine
structures to ensure that they represent energy minima, it isthe change in energy due to formation of the cluster from this
found that the symmetric structures are indeed minima at the S€t of molecules. The experimental enthalpies of formation of
PM3 level, but not always at the ab initio levels. Therefore, BF2" + (n—1)BF; are then added to this quantity to give an
the ab initio geometry optimizations must begin with asymmetric €stimate for the enthalpy of formation ofqfn-1*. The
structures. These are generated either from scratch or by editing@xPerimental values are reported for 298 K, so in order for the
the result of a lower level optimization to break the symmetry. derived enthalpies to pertain to 298 K, the total energies used
This process yields structures that are indeed energy minima,in €dq 1 include mean translational and internal energies
as indicated by a full Complement of real vibrational frequenciesy calculated by standard statistical mechanical methods from the
and are at least slightly asymmetric. Slightly broken symmetry Masses and theoreticallly pfedicted vibrational frequencies and
appears to be required for energy minimization at our highest rotational moments of inertia. The value used AH(BF,")
computational level. conforms to the “ion convention” for treatment of the electron,

Any species with the general formulafB,_.* has an even SO the AfH298(_BnF3n*1+),Values are also “ion convention”
number of electrons, so a singlet ground state is possible. Fullvalues:* The final entry in Table 3a,by\H(BFs loss), indicates
optimization of BFs*™ with a triplet ground state results in an  the enthalpy change calculated from thed values for the
apparently dissociated molecule fB* + F) that is 5.5 eV Process BFa1" — Bn-1Fan-4" + BFs.
higher in energy than the optimized singlet state molecule. On
the basis of this result, we assume singlet ground states for all
the molecules in the 3,1+ series. 5.1. BFsn—1", n =1-5. The BFz,—1* series begins with

Structures obtained with both the 6-31G* and 3-21G(*) basis BF,*, and this species dominates the mass spectrum. This is
sets for BFz,—1", n = 2—5, are shown schematically in Figure to be expected, since BFis by far the most abundant ion
4. The HF 6-31G* geometries are summarized numerically in formed in El of BR for electron energies above 18 éV.The
Table 1 forn = 2—4, and the atomic charges are given in Table dominance of BE" in the El mass spectrum is easily understood
2. The optimized structures can be broken down into ap- by recognizing that it is isoelectronic with BgRwhich is a
proximately closed-shell fragments by inspection of bond stable, linear molecult®. Geometry optimization at the 6-31G*

lengths, atomic charges, and electron density isosurfaces. This
model of the BFs,—1™ cluster ion as an aggregate of smaller
parts is central to the discussion below.

Thermodynamic data are presented in parts a and b of Table
3 for calculations using the 3-21G(*) and 6-31G* bases,
respectively. Electronic energies in hartrees are the direct result
of the ab initio calculations. The enthalpy of formation of each
cluster ion is estimated by combining our computational results
with experimentally determined vali#@®f AsH of gaseous B
and BR™, as shown in eq 1.

5. Discussion
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TABLE 1: Calculated Geometries (HF 6-31G*)

species syfh bond length (A) bond angle (deg) dihedral angle (de§y
BF:d Dan B—F 1.301 FB—F 120.00
BF,* Don B—F 1.218 FB—F 180.00
BoFs*™ C, B—F 1.482 B-F,—B 138.52 BF—B—F,—B —157.01 —157.01
B—Fy 1.255 F—B—Fy 112.25 BR—B—F,—B 23.32 23.29
B—Fq4 1.260 kBF—B—Fq4 112.75
F.—B—Fy 135.00
BsFg* Co B.—F 1.280 F—B.—F 129.38 BF—Bc—Fy,—Bo —179.91 179.41
Bc—Fp 1.621 F—Bc—Fp 92.65 F—Bo—Fy,—B¢ 0.18 0.09
Bo—Fp 1.416 B—F,—Bo 132.48 BR—Bo—Fy—Bc¢ —179.81 179.91
Bo—Fy 1.271 BF—Bo—Fu 114.71
Bo—Fq4 1.265 FBF—Bo—F4 114.74
Fu—Bo—Fq4 130.55
BsF11" C, F—B; 1.476 B—F.—B;i 135.77 B—F.—Bi—F —76.03 —76.00
Bi—Fy 2.147 F—Bi—F, 112.12 B—F.—Bi—Fy —172.85 —172.82
Bi—F, 1.264 F—Bi—Fg 113.51 B—F.—Bi—Fq4 20.18 20.22
Bi—Fq 1.268 F—Bi—Fp 87.33 F—Bi—F,—Bo —172.24 —172.21
Fo—Bo 1.352 F—Bi—Fq 132.63 B—Fy—Bo—F —2.68 —2.70
Bo—F; 1.285 R—Bi—Fp 97.32 B—F,—Bo—F« 177.43 177.41
Bo—F« 1.281 B—F,—Bo 136.86
Fo—Bo—F; 116.89
Fr—Bo—Fx 117.75
F—Bo—F« 125.36

aExact for BR and BR*, approximate for other$.Subscripts refer to atomic labels in Figure*Zhis dual column indicates discernible difference
between the two ends of the molecule; it is these small differences that make the point group assignments apprBxaviaked for comparison.

TABLE 2: Calculated Atomic Charges (HF 6-31G*)
species atomh  charge species atédm charge

BoFs*™ B 1.03 BiF11+ Bi 1.07 b
Fy —0.36 B 0.98
Fu —0.17 R —0.38 .
Fa —0.19 R —-0.21

BsFs"™ B 1.10 i —0.23
Bo 1.02 o —0.40
Ft —0.25 K —0.25 -
Fo —0.39 R —0.27 ! 0
Fu —0.23 L
Fa —0.20 ‘

a Subscripts refer to atomic labels in Figure 4. ; '/

level predicts @ structure for BE", in agreement with this  Figure 5. Structure of BFs*, optimized at the 6-31G* level. The larger
assessment. The formula,MB,-1* can be broken down as spheres represent boron atoms, and the smaller spheres are fluorine
(BF3)n—1BF>™, so it is logical to propose that larger members atoms. The mesh framework is an electron density isosurface discussed
of the B,Fs,_1" series are generated by production of & BF  in the text.
ion, with expulsion of the F atom in the EI process, followed
by rearrangement of the cluster around the,BRon and
evaporation of neutral BFmolecules.

It might be expected that the largegM,-1" would look like
n — 1 BF; molecules surrounding a BFion. However, at the
HF 6-31G* level, BFs' is computationally predicted to have
C, symmetry such that the optimized structure cannot be divided
into distinct BR™ and BR; fragments (Figures 4a and 5, Table
1). The bonds between the two boron atoms and the central
fluorine atom are equivalent, and the charge is distributed in a
symmetric fashion. The value for the electron density isosurface
that is shown as a mesh framework in Figure 5 (also Figures 6 N
and 7) is 0.08 au. This yalue is chosen Such that th_e ISOSw_faceFigure 6. Structure of BFs™, optimized at the 6-31G* level. The larger
should enclose the region between atoms if there is sufficient gpneres represent boron atoms, and the smaller spheres are fluorine
electron density to constitute a conventional covalent bond. atoms. The mesh framework is an electron density isosurface discussed
(Note that these surfaces are significantly smaller than, and arein the text.
not meant to represent, van der Waals contact surfaces.) The
entire BFs" ion is enclosed within a single surface, which we BsFg™ optimizes to a structure with overall symmetry that is
can interpret to mean that, electronically, it is a single molecular nearly C,, at both 3-21G(*) and 6-31G* levels. The structure
entity. The only major difference when this species is optimized resulting from HF 6-31G* optimization is represented in Figures
at the 3-21G(*) level is that the ion h&g symmetry (Figure 4c and 6. If the symmetry were exact, all the atoms except the
4b); all conclusions about symmetric bonding are the same astwo labeled Fin Figure 4c would be in a single plane. The
for the C; cluster ion. isosurface in Figure 6 encloses three separate volumes that
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Figure 8. Structure of BF.s", optimized at the 3-21G(*) level. The
central BFs is viewed nearly edge on, and tl& axis is in the plane
Figure 7. Structure of BF11", optimized at the 6-31G* level. Th&; g];t:%iziggé;zeiflgit{on density isosurface is omitted here for clarity.
axis is normal to the plane of the page. The mesh framework is an ’
electron density isosurface discussed in the text. The separation into abicyclic, asymmetrically puckered structure with six- and eight-
B.Fs and two BF; units is readily apparent. membered rings (Figure 4f). The heptafluorodiborate anion
(B2F77) has been observed by X-ray diffraction as a counterion
clearly resemble two Bfmolecules coordinated through F to a Pd comple®! The values from our calculations for the
atoms to the B atom in a bent Bffagment. Each Bifragment bridging B—F—B angle (138.7) and B—F distances (1.53 and
is planar, and the largest deviation of an atom in one &t 1.52 A) in this BF,%24- compare reasonably well with the X-ray
from the plane defined by the other BB only 0.034 A. The diffraction values [128.1(7) 1.50(1) and 1.51(1) A], though
B.—Fp distance is fairly long at 1.621 A, which is in line with  such a comparison is of questionable significance due to the
a somewhat weakened interaction as compared to, for examplemarkedly different environments of the two species.

a B—F bond in BF; or the B-F; distance in BFs™ (1.301 or 5.2. BFsn—1", n = 6—8. Optimization of BF;;" with the
1.482 A, respectively, Table 1). This structure is consonant 3-21G(*) basis set yields a structure resembling @ BBlecule
with the idea of B molecules coordinated to a BFion, whose B atom is loosely coordinated to a nonbridging F atom

though the calculated atomic charges (Table 2) add to give in the six-membered ring of thesB,4" described above. The
(BF30207),BF,%-60" and thus a less localized charge than the six-membered ring of thedB14" structure appears to contribute
simple picture would indicate. ThesBg* structure has sym-  sufficiently to the stability of the cluster ion that, though
metry and distributed charge in common with the result for disturbed, it is not broken down by the addition of a3BF
B2Fs™, but within this structure there is a uniquely identifiable molecule. BF,;™ does not optimize to a single, reproducible
BF2* fragment, which is absent from the®B™" structure. structure. Rather, the structure obtained from the geometry
The optimized structure of /1,7 has approximateC, optimization depends on the initial geometry. The structures
symmetry at both computational levels (Figures 4d and 7). The obtained can be broken down into parts based on their electron
Bi—F, bond distances (2.146 A) are approximately 45% longer density isosurfaces, and they include some familiar fragments.
than bridging F-B distances (1.48 A) and 70% longer than In one case, the optimized ion breaks down into;®¢,
typical terminal F-B distances (1.261.28 A) calculated here ~ B,Fs68", BsFg%76*, and BR%42", while in another case it
for BoFs™ fragments. This, coupled with the low calculated resembles BfP-OF, B,Fs0-62F B,Fs%-63% and BF/%2-. The
electron density between each—8, pair as shown by the  second of these two structures is only 3.7 kJ Thabwer in
electron density isosurface, leads to the reasonable interpretatiorenergy than the first, so it is likely thatByo' is a floppy, highly
that BJF;1* is best understood as two BRolecules coordinated  fluxional cluster ion (see Caveats section).

to an easily recognizable,Bs™ unit. This view is supported With BgF,3", a symmetric structure is once again obtained,

by the calculated atomic charges, which add to {Bf),- as it is predicted at the HF 3-21G(*) level to beCa species

B,F50-88" (Figure 8). The structure, which combines aspects of tfe;B
Four units, essentially three Bmolecules and a " ion, and BsF14" (6-31G*) structures, can be divided into thregFB

comprise theC; structure predicted for 14" at the HF 6-31G* units and two Bl units. Each B atom of a central distorted
level (Figure 4e). The calculated atomic charges add to give B,Fs has coordinated to it a BFin a manner reminiscent of
BoFs0-90F, with the remainingt0.10 charge distributed among the coordination of BEmolecules to BF°* seen in BF1*.

the three Bg molecules. One of the BFmolecules is doubly Each of the remaining two 85 units is coordinated to one of
coordinated to the 85 through two of its F atoms, each of the BF, units, forming six-membered rings in a fashion similar
which interacts with one of the B atoms in theH38. The BR; to that seen in BF4". The charge distribution again tends in
thus bridges the two B atoms in theM, forming a six- the general direction of the expected closed-shell values for these
membered ring. These two-B distances are 2.329 and 2.322 fragments with a central £°-5°" coordinated by two B4

A, so the coordination is loose. The bond lengths encourage aunits and a terminal £s%-62t on each end. This structure has
description of this interaction as van der Waals contact directed two important implications. First, the formation of thregFB*"

by electrostatic attractions between electron-rich, electronegativeunits implies that formation of #s* is particularly favorable,
fluorine and electron-poor boron. The electron density isosur- in agreement with the calculated thermochemistry in Table 3.
face supports this conclusion with large breaks between theseSecond, the idea that the formation of cyclic structures enhances
pairs of atoms. The B atom of this first BRas coordinated to  cluster ion stability is supported in that this minimum energy

it an F atom of a second BFthe third BR is similarly structure has two six-membered rings.

coordinated to the B atom of the second. Thes®HKlistances 5.3. Caveats. Our first caveat concerns the experimental

are 2.413 and 2.517 A, respectively, so these are also weaksignificance of the calculated structures. A successful geometry

interactions. optimization converges to a final, minimum-energy, static
The HF 3-21G(*) result for B4t involves a different set  structure. In contrast, the cluster ions we observe experimentally

of fragments. The structure breaks down intgF4366", are formed in a very energetic process, so the final internal

B.F%-24", and BR58" fragments which are arranged to form a energies of the cluster ions must be considered. After electron
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TABLE 3: Computationally Derived Thermochemical BF3; molecules i = 6, 7 for 3-21G(*),n = 5 for 6-31G*] and
Values those without i = 5, 8 for 3-21G(*)]. The computational
Eeleo Eint,s AiHzes,  AH(BFzloss), thermochemistry in Table 3a,b indicates that structures without
species hartrees kdmolt  kJ mol? kJ mol? dangling BE molecules appear to be somewhat more resistant
(a) HF 3-21G(*) to BFs loss than those with them. If the trends in the calculated
BF; —321.465844 7 45 —1136.8 thermochemical results for the 6-31G* basis set are reflected
BF.* —222.086 014 4 32 3170 in the experimentally generated cluster ions, then we would
By  —543.6341968 83 —1029 209 expect to see simple decay in the ion signai a&reases, which
Ejgi+ __18122%‘;? 22?‘; ig‘;’ :gé?i 13(53 is exactly what Figure 2 shows. On the other hand, if the HF
BsFs~ —1508.180 958 4 235 —4813 162 3-21G(*) results were a better representation of the ions, then
BeFi7"  —1829.655 600 0 288 —5965 15 we might expect to see magic numbers fior= 5 and 8.
B7F2" —2151.169 1859 338 7222 120 Our mass spectra offer no evidence of magic numbers. There
BoFos” —2472.6870127 389 —8488 130 are at least three possible explanations for this. First, the HF
(b) HF 6-31G* 6-31G* calculations may provide a more accurate picture of
BF, ~ —823.1954854 44 —1136.8 the nature of these species. Second, magic numbers proposed
SFé . :gig'gég %(73 Z gg _943‘%7%0 124 to be associated with cyclization or other structural features are
25 . - - . .
BoFst  —869.7700854 133 —2124 43 typically discussed in terms of formation of covalently bound
BuFt —1192.977 793 7 184 —3285 25 structures’” The structures predicted here include some ap-
BsFist —1516.177 2035 235 —4425 3 parently weaker interactions. These noncovalent (electrostatic)

interactions may not be sufficiently strong to exercise any
significant influence over the evaporative process that yields
impact ionization, the cluster ions dissipate energy through the final cluster size distribution. Third, the overall magnitude
evaporative loss of Bfmolecules. This process is complete of our ion signal is small, and the intensity falls off rapidly

when a cluster ion retains less internal energy than is requiredyith cluster size. This raises the possibility that our cluster
to eject another BfFmolecule. The cluster ion dissociation  source simply lacks the intensity to provide a cluster distribution
energy is thus an upper limit to the energy retained at the sufficiently broad for the intensity variations caused by structural
completion of evaporative cooling. The values labelet(BF; stability to be visible on top of the simple decay in intensity

loss) in Table 3a,b are computational estimates of exactly this with cluster size. It is possible, then, that similar experiments
dissociation energy. Consideration of the dissociation processwith a more intense cluster ion source could reveal intensity

allows us to determine whether the magnitudes of these maxima for the cyclized structures without danglingsBn
calculated values are reasonable. As a cluster ion loses a neutrak 5 andn = 8, though the HF 6-31G* calculations cast some

molecule, the ion-induced dipole attraction must be overcome. doubt on this prospect.

This type of interaction is stronger and operates over greater

distances than the induced dipei@duced dipole interactions g, Conclusions and Outlook

present in the bulk liqui@® Therefore, for a small to moderate

size cluster ion this dissociation energy should be larger than Mass spectra resulting from ionization of boron trifluoride
the enthalpy of vaporization of the bulk liquid. The maximum clusters have been measured. Ab initio modeling results have
possib|e amount of internal energy in a stable cluster ion is thus informed the interpretation of some cluster ion structures. These
at least as large as the bulk enthalpy of vaporization, which is Structures have directed our speculation as to-imolecule
19.33 kJ mot? for BF; at its normal boiling point of 172 R? chemistry which may occur with this ion formation technique.
At the HF 6-31G* level, all the dissociation energies (except The formation of BFs’* appears to be widespread in the
one) are indeed greater than this value for the enthalpy of BnFan-1" series. The appearance of BFand BF°~ in larger
vaporization. It is therefore possible that many of these ions cluster ions demonstrates an interesting propensity toward charge
have internal energies even greater than the equiva|ent Ofseparation, prObably related to energetically favorable formation
AvaH°(BF3). The fact thaAH(BFs loss) for BsF14™ is only 3 of approximately closed-shell fragments.

kJ mol* may mean either that we have not found the global While the relatively low-level calculations performed here

a Experimental value from ref 25.

minimum-energy structure for this species or that thEi<¢BF; seem adequate for a qualitative understanding @¥aB1"
loss) values are systematically underestimated by the calcula-cluster ion structure, they are probably not quantitatively correct.
tions. A potentially fruitful area for further work is therefore higher

Cold cluster ions may well take on the calculated structures level calculations on these ions to clarify their structures and
reported here. As tempting as it is to believe that our true cluster €nergetics and on larger ions in the series to determine growth
ion structures are represented accurately by these calculatedpatterns. Fragmentation experiments, whether surface-induced
structures, we must conclude that the internal energies of theor collision-induced dissociation or photodissociation, could shed
cluster ions formed in this experiment are probably high enough further light on the internal structure of these cluster ions,
to result in significant fluxional behavior. Ring opening and Possibly supporting the presence of moieties such asBBFs*,
closing and shuttling of bridging fluorine atoms between BFs~, and BF;~ through fragmentation patterns.
fragments are examples of the types of fluxionality that may  No structures resembling the boron subfluorideg=¢BBsF12,
be present in these ions. The results discussed above implyetc?~7) appear to be formed in electron impact of Rffusters.
that B;F,c" may be an extreme example of this behavior. The known boron subfluorides are boron-rich compounds with

A second caveat must accompany the stated absence ostructures including BB bonds and only terminal halogens.
“magic” numbers in our mass spectra. Formation of cyclic In contrast, the ions in our mass spectrum have B:F ratios near
structures after ionization is often invoked to explain the 1:3, with calculated structures including bridging fluorine atoms
presence of magic numbelrs. Here, our calculations predict — and no indication of B-B bonding.
the formation of cyclized structures fopBs,—1 ™ with n = 5—8. The ions we observe, while different from neutral boron
These can be divided into two groups: those with “dangling” fluorides, share with them the lack of formation of cage-type
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compounds<:*®> However, polyhedral cage structures for boron
chlorides and bromides with the formulas,@, (n 4,
8—12)!530 and B.Br, (m = 7—10)*> are known, and mass
spectral evidence has been reported for larg€HB(n = 13—
20)31 Experiments are underway to investigate the behavior
of BCl3; and BBg under conditions similar to those described
here for BE.

A complementary means of studying iemolecule chemistry
in the gas phase, also in use in our laboratory, is to form ions
by passing a 43 us discharge through a mixture of helium

and the species of interest and then allow the resulting mixture

of ions and neutrals to pass through a flow tube prior to

expansion into vacuum for mass analysis. Thermalization and

ion—molecule reactions, as well as simple aggregation through
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